Abstract: With integration of secondary structures, ribosomal genes have once again become very popular for phylogenetic analyses. This additional source of information to the nucleotide sequence provides a massive boost for taxonomic inferences. Herein, we propose that in the near future a further benefit for phylogenetics with such genes will be very likely by inclusion of the third dimension. For the first time, we determined the tertiary structure of the ribosomal internal transcribed spacer 2 for Chlamydomonas rheinhardtii by application of two different in silico prediction algorithms. We compared these methods with focus on phylogenetic usability. Further, we determined the tertiary structures for closely related green algae to provide a small phylogenetic example. The results suggest that the tertiary structure inherits evolutionary information observable neither within the sequence nor in the secondary structure.
Introduction
The use of nucleic acid sequence information of the four nucleotides adenine, cytosine, guanine and thymine or uracil has been a major breakthrough for investigations of species relationships. With this first dimension of molecular data, traditional morphological systematics has been augmented by novel molecular phylogenetics.
However, regarding ribosomal RNA a second dimension has been approached for this purpose in recent years: the additional information from RNA secondary structure. Several very different methods have been applied to infer phylogenies with the help of secondary structure. They either use substitution matrices for encoded pseudoproteins , substitution matrices based on dinucleotide interactions (Biffin et al. 2007) or morphometrical matrices of characteristics of the secondary structure (Grajales et al. 2007 ). Independent of the method applied, inclusion of secondary structure information improves the phylogeny in contrast to sequence only information (Biffin et al. 2007 , Grajales et al. 2007 , Keller et al. 2008 . Furthermore, a recent simulation study confirms the benefit of secondary structures in phylogenetics . Secondary structure phylogenetics with ribosomal RNA in particular may use an additional source of information for reconstructions, as it is a way of incorporating analysis methods and models of evolution that purportedly more adequately represent the generated nucleotide data.
Inclusion of secondary structures is becoming a more and more accepted and sophisticated procedure in the phylogenetic community to improve phylogenies (Schultz & Wolf 2009 ). In this context, secondary structure predictions with bioinformatics tools from scratch or via homology modeling are efficient high-throughput approaches (Jossinet et al. 2007) .
Several bioinformatics tools have been developed which allow three-dimensional structure predictions of RNA molecules (Shapiro et al. 2007 ). Similar to secondary structure predictions, they are based on data obtained from experimental structure investigations in the laboratory. However, the advantage of computational calculations for large-scale comparisons of RNA structures is obvious. The achieved rapid gain of threedimensional information is of major importance for comparative studies and identification of homologous characteristics of a molecule. In our opinion, this is still the case after the loss of accuracy, in comparison with wet laboratory verified structures, is taken into account.
In this short study we want to demonstrate that bioinformatics predictions of the third dimension of ribosomal RNA structure may be usable for phylogenetic studies in the near future.
Material and methods
For phylogenetic studies it has been shown that subsidiary secondary structures are particularly a major advantage in cases where secondary structures are very conserved, Third dimension RNA phylogenetics 389 yet mutations of nucleotides occur frequently . As a case in point the internal transcribed spacer 2 (ITS2) of the ribosomal cistron benefits from the inclusion of secondary structures . Its secondary structure is evolutionarily maintained as it is of importance in ribogenesis (Côté et al. 2002; Venema & Tollervey 1999) . By contrast, the evolutionary rate of its sequence is relatively high and it is not present in the mature ribosome. There is long experience with this marker that allows testing for consistency of predictions.
We applied two bioinformatics methods to determine the ITS2 (including 25 nucleotides of each 5.8S and 28S ribosomal RNA as a proximal stem) three-dimensional structure for the model organism Chlamydomonas rheinhardtii. The first tool was ASSEMBLE as part of the S2S platform developed by Jossinet & Westhof (2005) . Tertiary structure models are generated by splitting paired and unpaired regions in separate building blocks. Helical properties are calculated so that stem regions result in a double helix, whereas bulges and loops result in single stranded helical regions. An integrated motif database can be applied to selections so that the topologies are adapted according to structural motives present at the Protein Data Bank (PDB) (Henrick et al. 2008) . During or after such processing, the building blocks may be stacked to a single three-dimensional model of the complete molecule. Furthermore, the software allows alignment and homology modeling of homologous molecules.
As a second tool, we used RNA2D3D (Martinez et al. 2008) , which is a more automated attempt for threedimensional model prediction of a complete molecule. Unpaired regions are simple estimations of a planar topology and thus no further manipulation is necessary to receive a continuous structure. However, further manipulations are possible if the knowledge is present for the molecule of interest (Martinez et al. 2008) . In a comparison with laboratoryverified structures within this publication, it is further described that models are not too far from reality and thus good initial estimations. Several features of the models of a hammerhead ribozyme were nearly identical with the X-ray resolved structures.
For a comparison between tertiary structures of different organisms as a small phylogenetic example we determined the ITS2 tertiary structure (without additional the 5.8S/28S hybridized proximal stem) of Chlamydomonas Fig. 1 . Comparison of three-dimensional structure predictions by (A) ASSEMBLE and (B) RNA2D3D. Numbering denotes helices I-IV of the ITS2 of Chlamydomonas rheinhardtii. Full atomic models are shown excluding hydrogens. Nucleotides coloration: adenine, red; cytosine, green; guanine, yellow; and uracil, blue. (C) An example of genus-specific differences is displayed for the isolated third helix. Complete structures were determined by RNA2D3D and aligned with the Smith-Waterman algorithm according to RMSD distance using UCSF Chimera (Pettersen et al. 2004) . Structures are from the following species: red, Chlamydomonas rheinhardtii; orange, Chlamydomonas debaryana; and yellow, Gonium pectorale.
A. Keller et al. rheinhardtii and two close relatives (Chlamydomonas debaryana and Gonium pectorale) with RNA2D3D. Structures were aligned with the Smith-Waterman algorithm according to root mean square deviation (RMSD) distance using the software UCSF Chimera (Pettersen et al. 2004) . PDB files with the modeled atom coordinates of all resulting tertiary structures of this study are available from the authors.
Results and discussion
Both algorithms were able to determine a tertiary structure for ITS2 (Fig. 1a,b) . However, using ASSEMBLE, a lot of manipulations have to be performed by hand. This increases the proportion of user-related errors. Furthermore, tertiary structure prediction is almost not reproducible and very time-consuming. Its advantage is in the precise manipulation power for refinement studies of molecules, e.g., where electron density maps or structural information from homologous molecules are present. RNA2D3D is more likely a tool usable for automated approaches, as e.g. large databases and comparisons of homologous molecules in phylogenetic studies. For example, the ITS2 database stores approximately 200,000 secondary structures of ITS2 sequences (database accessed: 16 th October 2009; Koetschan et al. 2010 ). An automated prediction of tertiary structures in such large-scale databases would be a pleasant addition. The major difference between the two applied methods in the resulting tertiary structure is that unpaired regions in RNA2D3D are planar whereas ASSEMBLE is able to apply user-defined motifs of tertiary structure as well to unpaired nucleotides. Thus, in these regions the latter is likely closer to the "real" structure. However, in a comparison between homologous molecules for phylogenetics this is only a minor drawback for RNA2D3D in contrast to the major benefit of automated and fast predictions.
In our comparison between the different green algae organisms, we see a genus specific difference in the region of the third helix. Figure 1c illustrates the similarity between the two Chlamydomonas organisms. Only small changes occur in the basal region, which are, however, compensated in the further alignment so that the resulting coordination of the distal part is mostly similar between the two structures. By contrast, the three-dimensional model of Gonium pectorale indicates a major shift in the complete coordination of the third helix. This is caused by substitutions in the proximal region near to the central core. The resulting torsion angles within the medial bending region are largely affected by these substitutions. This is a first indication that phylogenetic signals might be well observable and usable with tertiary structures that are less pronounced in sequences or secondary structures (Fig. 2) . However, as this study constitutes a prospect to future works and thus only covers three individual ITS2 tertiary structures, future studies with a more extensive sampling effort are necessary to demonstrate the general capability of three-dimensional RNA phylogenetics using this marker. Further, comparisons with other markers in their effectiveness to resolve phylogenies using the tertiary structure will be very appreciated.
The direct use of three-dimensional models in phylogenetic studies is, however, still a major issue. Currently no phylogenetic method is present that is able to automatically reconstruct trees including information due to RNA tertiary structure. Hence structural insights into phylogeny are currently only shown here by superposition of calculated structures, e.g., with UCSF Chimera (Pettersen et al. 2004 ) and its tools for threedimensional analysis. However, with more and more available tools for tertiary structure predictions of RNA molecules and the lessons we learned from secondary structures, we are confident that this is only a matter of time.
The use of three-dimensional comparisons between RNA or protein molecules is not new in the field of functional molecular biology. Just to mention a few studies, e.g., Kroemer et al. (1998) , Alon et al. (1995) and Pley et al. (1994) have successfully applied such comparisons to find structural motifs and differences between species, isoforms or during temporal changes. With this paper, we intend to arise interest in the systematic community to enter the third dimension and to apply these methods to answer phylogenetic questions, i.e. to investigate species relationships. First studies may be based on morphometrical matrices, since simple characteristics of the molecules, as e.g. torsion angles, distances between helices as well as nucleotides or coordination patterns and geometrical features may be easily extracted from three-dimensional structure models (Carugo & Pongor 2002) . It is furthermore worthwhile to invest in the development of alignment methods (Brown et al. 2009; Hasegawa & Holm 2009 ) and substitution matrices that include three-dimensional interactions or distance measurements beyond RMSD, which comprise RNA-specific substitution matrices and characteristics as for example proposed by Parisien et al (2009) .
